Data Fusion based on Game Theory for Speaker Diarization by Barrilero Gil, Marta & Alvarez Garcia, Federico
Data Fusion based on Game Theory for Speaker Diarization
Marta Barrilero and Federico Alvarez
Grupo de Aplicación de Telecomunicaciones Visuales
Escuela Técnica Superior de Ingenieros de Telecomunicación (ETSIT)
Universidad Politécnica de Madrid, Spain
{mbg@gatv.ssr.upm.es, fag@gatv.ssr.upm.es}
Abstract— A novel algorithm based on bimatrix game
theory has been developed to improve the accuracy and
reliability of a speaker diarization system. This algorithm
fuses the output data of two open-source speaker diariza-
tion programs, LIUM and SHoUT, taking advantage of the
best properties of each one. The performance of this new
system has been tested by means of audio streams from
several movies. From preliminary results on fragments of
five movies, improvements of 63% in false alarms and
missed speech mistakes have been achieved with respect to
LIUM and SHoUT systems working alone. Moreover, we also
improve in a 20% the number of recognized speakers, getting
close to the real number of speakers in the audio stream.
Keywords: speaker diarization, bimatrix game-theory, data fu-
sion.
1. Introduction
1.1 Speaker diarization
Speaker diarization is the process of splitting an audio
recording with an unknown number of speakers into time
segments according to a recognized speaker, and then clus-
tering those fragments by speakers. It is known as the
task of determining Who spoke when? [1]. This technique
distinguishes between instants of speech, music or silence.
Initially, it emerged as an initial process for the speech
recognition, but over recent years has become an important
independent task used in many fields, such as information
retrieval or navigation. In fact, it has been mainly developed
for broadcast recorded meetings [2], news audio and tele-
phone conversations [3]. Generally, speaker diarization is a
very useful tool in every field in which it is necessary the
determination of the number of speakers, along with the time
periods when each one is active.
The most remarkable applications for speaker diarization
systems are reflected in the Rich Transcription evaluation
series (RT) [4], a community which promotes and gauges
advances in the state-of-the-art in several automatic speech
recognition technologies. This community is sponsored by
the National Institute of Standards and Technology (NIST)
in the Unites States [4].
Unfortunately, few speaker diarization systems are avail-
able for public general use. Two of them are LIUM [5]
and SHoUT [6], which are open-source systems available on
the Internet, mainly developed for applications on broadcast
news that use audio streams. In this paper, both LIUM and
SHoUT systems are used for obtaining speaker diarization
output data on audio streams from movies. We use a fusion
system to select the best decision at every second of our
input audio from LIUM and SHoUT programs, in order to
reach a better reliability and accuracy in our whole speaker
diarization system. This fusion is carried out by means of a
novel algorithm based on bimatrix game theory.
1.2 Game theory
Game theory is the study of mathematical techniques
for analyzing situations of cooperation or conflict (games)
between two or more rational intelligent individuals (players)
[7]. It was introduced by von Neumann in 1928 [8], and
improved later together with Oskar Morgenstern by consid-
ering cooperative games of several players [9]. Subsequently,
Nash introduced the Nash equilibrium criterion [10], which
supposed an important advance. Game theory has been
widely used in a great variety of fields, such as economics,
political science, philosophy or engineering. One of its main
goals is the study of intelligent rational decision making,
since it allows the understanding and modeling of different
rational strategies performed by diverse agents. This involves
a considerable help and support in decision making systems.
The three main elements in a game are the players
(typically two), their played strategies, and the pay-off
matrix, which contains the received prize by each player
for each strategy. Zero-sum games [7] are a particular case
in which the interest of both players are strictly opposed,
hence the pay-off matrix contain the same values in opposite
signs. Players in this kind of games strictly play in a
competitive way. On the other hand, non-zero-sum games
[11] can contain some strategies which are equally beneficial
or detrimental for both players. Therefore, in non-zero-sum
games competitive and cooperative strategies are generally
performed.
The modeled game in this paper is non-zero-sum. It exe-
cutes a data fusion algorithm based on the comparison of two
data outputs from two systems. These data can be processed
in a cooperative way, taking into account the outcome from
both data sources, or in a competitive way, analyzing the
different properties of every system, and selecting the best
of them.
Fusion data systems related to game theory have been
widely studied, mainly in military and general security
fields. For instance, a data fusion aided platform routing
algorithm based on game theory for cooperative intelligence
is proposed by Shen et al. [12]. Other example is using
a Markov stochastic game method to estimate the belief
of possible cyber attacks patterns [13]. Although similar
algorithms to the proposed in this paper have not been found
in the literature, game theory is a powerful tool that can
be successfully used for improving speaker diarization by
means of fusion data algorithms.
2. Speaker diarization systems
2.1 LIUM
LIUM [14] is an open toolkit [5] for speaker diarization
developed by the Laboratoire d’Informatique de l’Université
du Maine [15] for the French ESTER2 evaluation campaign
[16]. It obtained the best results for the task of speaker
diarization of broadcast news in 2008. It is written in Java
and performs methods such as Mel-frequency cepstral coeffi-
cients computation, speech/non-speech detection and speaker
diarization, using some tools from the speech recognition
system Sphinx-4 [17]. The main algorithm follows next
steps:
1) Segmentation based on BIC (Bayesian Information
Criteria): speaker change points are detected and the
audio signal is split into segments.
2) BIC clustering: similar segments are joined together.
3) Segmentation based on Viterbi decoding: a new seg-
mentation is generated.
4) Speech detection: in order to remove music and jingle
regions, a segmentation into speech / non-speech is
obtained using a Viterbi decoding with 8 one-state
Hidden Markov Model.
5) Gender and bandwidth detection: detection of gender
and bandwidth is done using a Gaussian Mixture
Model (GMM) for each of the 4 combinations of
gender (male / female) and bandwidth (narrow/ wide
band). Each cluster is labeled according to the char-
acteristics of the GMM which maximizes likelihood
over the features of the cluster.
6) GMM-based speaker clustering: a hierarchical ag-
glomerative clustering is performed over the last di-
arization in order to obtain a one-to-one relationship
between clusters and speakers.
Audio input files used in the executions of the system are
in Wave format (16kHz / 16bit PCM mono). Output files
show the properties of the analyzed segment, along with
several frequency values related to each found cluster.
Figure 1 shows an example of output file in LIUM.
It provides the instants in which every speaker change is
recognized, the speech segment length in centi-seconds, the
gender of the speaker and the speaker label.
Fig. 1: LIUM output file
2.2 SHoUT
SHoUT is a Dutch acronym for Speech Recognition
Research at the University of Twente. It was completely
developed by Marijn Huijbregts during his PhD research [18]
at the University of Twente. It is also open source [6], and
it is written in C++ in a Linux platform. SHoUT program
follows next steps:
1) Speech activity detection: a silence-based segmenta-
tion strategy is employed based on silence and sound
models training using HMM.
2) Segmentation and clustering: a new segmentation is
performed merging multiple models throughout sev-
eral iteration steps.
3) Automatic speech recognition: several features are
extracted and normalized by means of cepstrum mean
normalization and vocal tract length normalization.
These features are decoded in order to obtain acoustic
models dependent on speech clusters.
4) Acoustic model adaptation: the clustering information
obtained during segmentation and clustering is used to
create speaker dependent acoustic models.
The output file from SHoUT is shown in Figure 2. It is
similar to the LIUM one previously explained, although the
information length is provided using seconds as time unit.
3. Game modeling
A data fusion system has been designed according to a
bimatrix game with the three main elements in every game:
players, strategies and pay off.
Fig. 2: SHoUT output file
A. Players
We consider two players: A (LIUM) and B (SHoUT),
which perform their strategies throughout the whole
audio sample. Each played strategy corresponds to
one second. Thus, the duration of the audio sample
will determine the number of times the game is
played, which is the same as the total number of
performed strategies by each player.
B. Strategies
Each player can carry out three different strategies:
• Strategy nº 1: No-change speaker
There is not a speaker change detection. The
detected speaker in the current second is the
same as the detected in the previous one.
• Strategy nº 2: New speaker
A speaker change to an unknown speaker is
detected, since the detected speaker in the current
second is different to the detected one in the
previous second. In addition, the current speaker
is new, since he/she has not been previously
detected in the audio sample.
• Strategy nº 3: Former speaker
A speaker change is detected in the same way
as in the previous strategy. However, the detected
speaker in the current second has already been
detected previously in the audio sample.
C. Pay-off
Initially, the pay-off matrixes have the same structure
as a typical bimatrix game with two players and three
strategies.
A =
a11 a12 a13a21 a22 a23
a31 a32 a33
 B =
b11 b12 b13b21 b22 b23
b31 b32 b33

(1)
The coefficients aik and bik stand for the pay-off
received by player A (LIUM) and player B (SHoUT),
respectively, if LIUM plays strategy i and SHoUT
plays strategy k.
The fusion data system is designed according to a decider
for this game. This decider performs the following steps.
For each second:
1) Select LIUM and SHoUT strategy.
2) Compare both pay-offs, related to both strategies.
3) Choose the strategy which supposes highest pay-off
for the corresponding player. The fusion system will
adopt the selected strategy in current second.
4) Each player receives its pay-off.
Pay-off values have been decided according to the dif-
ferent observed behaviors in both diarization systems. The
most reliable strategies have been assigned in line with the
highest pay-off values. If a system is chosen by the decider,
it receives a positive pay-off, whereas if the system has not
been chosen, it receives the same pay-off value with negative
sign. So far, a zero-sum game would be appropriate to model
this behavior. However, there is another situation which must
be taken into account: cases in which both systems perform
the same strategy have been considered as the most reliable.
In these cases, the decider certainly choose both systems. In
addition, the selected strategy is provided with the maximum
reliability since it is supported by two systems. Hence, these
cases have been assigned to the highest pay-off values in
both systems. Thus, a player receives a good pay-off if its
strategy is chosen, but it receives an even better pay-off if
both players are chosen. Consequently, the game is non-
zero sum, and two pay-off matrixes are needed: therefore,
the game is bimatrix. Moreover, several ideas that cause
modifications in some pay-off values will be introduced
subsequently.
To establish the required principles to set the pay-off
values it is necessary to consider several properties related to
both systems, which have been observed by means of several
tests executed in both systems with different audio streams.
The main goal of these considerations is to determine a
direct relation between the reliability of each system and
the pay-off values. On this way, the decider will select the
most reliable strategy for each event, according to the pay-
off values. The following properties have been implemented:
1) Initially, the pay-off related to different strategies for
each player (i 6= k) are the same value with opposite
signs. Thus:
aik = −bik ∀i 6= k (2)
2) If both systems execute the same strategy, the decider
will certainly adopt it. Moreover, this strategy will be
provided with the maximum reliability. Thus, in this
case the pay-off values are the same and have the
maximum value:
aii = bii ∀1 ≤ i ≤ 3 (3)
aii > aik ∀i 6= k (4)
bii > bik ∀i 6= k (5)
Note that these situations correspond to Nash equilib-
ria [10], since they are maximum in both matrixes,
i.e. they are optimum, and any other situation would
suppose worse results. So, if both systems executed
the same strategies all the time, the game would
be constantly in an equilibrium point, reaching the
maximum reliability.
3) Both systems perform silence, music and speech ac-
tivity recognition with excellent results. In fact, the
most remarkable found mistakes are related to errors
in correct speaker identification. Specifically, both sys-
tems tend to consider former speakers as new speakers.
Consequently, a detection of a former speaker (strategy
nº3) is more reliable than a detection of a new speaker
(strategy nº2). In addition, taking into account the
negative pay-off values for non-chosen players, the
final pay-off values fulfill the next properties:
a3i > a21 > 0 (6)
ai3 < a12 < 0 (7)
bi3 > b12 > 0 (8)
b3i < b21 < 0 (9)
∀i < 3
Note that the pay-off values in entries below the main
diagonal in A matrix are positive, since it supposes that
the player A has been chosen. Same way in player B,
but in this case the entries above the main diagonal
are positive.
4) LIUM is more likely to detect erroneously new speak-
ers than SHoUT. In fact, the final number of detected
speakers by LIUM is commonly higher than the one by
SHoUT. Therefore, a new speaker change detection in
LIUM (strategy nº2) when SHoUT has not detected a
change (strategy nº1) will be considered as less reliable
than the opposite case:
a21 < b12 (10)
4. Evaluations results
Several tests have been performed in order to evaluate
the results of our fusion system. We have taken for the
experiments audio segments with dialogues with different
speakers from the movies "Guess Who’s Coming to Dinner",
"Marnie", "Pride and Prejudice", "Psycho" and "Sense and
Sensibility". All the segments have been manually labeled
to obtain the ground truth, creating a file with the same
format as output files from LIUM and SHoUT programs.
This reference file has the time slots from the audio sample
associated to the proper speaker. To perform a numerical
evaluation of the system, specific values have been assigned
to A and B matrixes, according to the established properties
on section 3.
A =
50 −10 −2010 40 −30
20 30 60
 B =
 50 15 20−10 40 30
−20 −30 60
 (11)
Therefore, numerical prizes have been settled to each
player at the end of the execution of the fusion system. The
prize values depend on the duration of each segment, since
a different prize is obtained for each second. The obtained
results are shown on Table 1, where it can be observed
that SHoUT has won the game in every movie except in
"Psycho".
Table 1: Obtained prizes values.
Movie LIUM SHoUT Duration (seconds)
Guess Who’s Coming to Dinner 18190 18340 438
Marnie 23560 23620 603
Pride and Prejudice 19370 19555 463
Psycho 19500 19300 446
Sense and Sensibility 7120 7490 157
To evaluate the improvements introduced by our speaker
diarization system, we have used the Diarization Error
Rate (DER) value [20]. This parameter can be defined as
the addition of the different possible errors of a speaker
diarization system. In our experiment, DER has been defined
as:
DER = FalseAlarmSpeech+MissedSpeech (12)
False Alarm Speech is the number of times where a
hypothesized speaker change is labeled as a non-change
speaker in the reference. On the contrary, Missed Speech
is the number of times where a hypothesized non-change
speaker is labeled as a speaker change in the reference.
Silence activity detection can be also considered in a DER
measure. Nevertheless, we have not taken it into account,
since we have tested that the presented results by both
systems in silence activity detection are much better than
the results in speaker identification task, as it was explained
in section 3. Thus, only time slots related to detected speech
have been considered.
The results obtained with LIUM, SHoUT, and our fusion
system in terms of DER, are shown on Table 2, together
with the added improvements (in %) by our system:
Table 2: DER and improvement values.
DER Improvements (%)
Movie LIUM SHoUT Fusion LIUM SHoUT
Guess Who’s Coming
to Dinner
22 19 4 82 79
Marnie 14 7 2 86 71
Pride and Prejudice 14 15 7 50 53
Psycho 12 11 3 75 73
Sense and Sensibility 5 10 4 20 60
On average, improvements of 63% and 67% on the DER
parameter with respect to LIUM and SHoUT programs are
reached with our fusion system. The less improvements
correspond to those films, "Pride and Prejudice" and "Sense
and Sensibility", in which LIUM system performs lower
DER than SHoUT. This can be translated into a possible
unfairly performance of the fusion system, since the system
which presents better results has lost the game. We are
working to improve our system in these cases in order to
reduce even more the DER parameter independently on the
input stream.
In addition, the number of recognized speakers has been
evaluated. As it has been previously explained, it is difficult
to recognize properly former speakers, so the number of rec-
ognized speakers by speaker diarization systems is typically
greater than the true value. However, our system reduces
this number thanks to the fusion of strategies which allows
clustering some speakers previously considered as different.
The results are shown on Table 3. On average, we improve
a 20% the number of detected speakers in comparison to the
best output from LIUM and SHoUT systems working alone.
Table 3: Number of recognized speakers.
Real speakers Recognized Improvements (%)
Movie LIUM SHoUT Fusion LIUM SHoUT
Guess Who’s Com-
ing to Dinner
4 19 8 6 68 25
Marnie 4 16 5 5 69 0
Pride and Prejudice 7 16 12 10 37 17
Psycho 5 8 9 6 25 33
Sense and Sensibility 3 6 7 4 33 43
5. Conclusions
In this paper we introduce a novel fusion algorithm based
on game theory to improve the accuracy and reliability of
two speaker diarization systems: LIUM and SHoUT. This
algorithm is based on bimatrix game theory and performs a
non-zero sum game. The establishment of the pay-off values
has been carried out by means of different properties inferred
by the analysis from both systems’ behavior. The obtained
tests show considerable advances of our fusion system in
comparison to the results from LIUM and SHoUT programs
working alone.
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